Abstract. The aim of this study was to investigate the role of the mevalonate pathway in the cytostatic/cytotoxic effects of berberine, a natural plant alkaloid that reduces cholesterol concentration. Berberine as well as lovastatin, an inhibitor of the mevalonate pathway, exerted dose-dependent cytostatic/ cytotoxic effects against human breast cancer cells (MDA-MB231). Although the mevalonate pathway metabolites (mevalonic acid, farnesyl pyrophosphate, geranylgeranyl pyrophosphate) effectively reversed cytostatic/cytotoxic effects of lovastatin against MDA-MB231 cells, they were not effective in influencing the cytostatic/cytotoxic effects of berberine. The cytostatic/cytotoxic effects of berberine do not seem to result from inhibition of the mevalonate pathway.
Introduction
Berberine, a naturally occurring isoquinoline alkaloid, produced by a number of important medicinal plants, such as Berberis vulgaris (barberry), Berberis aristata (tree turmeric), Berberis aquifolium (Oregon grape) or Tinospora cordifolia, has been shown to exert potent anti-inflammatory and antitumor properties in in vitro as well as in vivo systems (1) (2) (3) (4) . Berberine has also been shown to significantly decrease cholesterol levels in mice (5) . The mechanism of this latter effect has not been elucidated and remains poorly understood. Similarly, the mechanisms of its antitumor effects are poorly defined. Berberine was demonstrated to inhibit activator protein 1 (AP-1) and cyclooxygenase 2 (COX-2) transcriptional activities (6, 7) . Its inhibitory effects on invasion of lung cancer cells correlate with decreased production of urokinase-plasminogen activator and matrix metalloproteinase-2 (MMP-2) (8). Berberine-induced antiproliferative effects against prostate carcinoma cells was associated with G1-phase arrest that correlated with inhibition of expression of cyclins D1, D2 and E; cyclin dependent kinases (Cdk) 2, Cdk4 and Cdk6; and increased expression of Cdk inhibitory proteins p21
Cip1 and p27 Kip1 (9) . Intriguingly, similar cytostatic effects are frequently ascribed to statins which are potent inhibitors of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, the major rate-limiting enzyme that controls the conversion of HMG-CoA to mevalonic acid (MA) (10) . MA is the precursor in the biosynthesis of isoprenoid compounds including cholesterol, dolichol and ubiquinone. Furthermore, mevalonate-derived prenyl groups enable precise cellular localization and function of many proteins such as Ras and Rho proteins. Statins have been shown to inhibit proliferation and to induce apoptosis in a variety of tumor cells. They have also been found to display antitumor effects against melanoma, mammary carcinoma, pancreatic adenocarcinoma, fibrosarcoma, glioma, neuroblastoma, and lymphoma in animal tumor models resulting in retardation of tumor growth, and/or inhibition of the metastatic process (11) (12) (13) (14) .
Since both statins and berberine are effective cholesterolreducing agents and seem to exert similar mechanisms of cytostatic/cytotoxic activity against tumor cells we decided to verify whether berberine can exert cytostatic/cytotoxic effects by inhibiting the mevalonate pathway which was previously demonstrated to be the major mechanism of antitumor action of statins.
Materials and methods
Tumor cells. Breast cancer MDA-MB-231 cells from ATCC (American Type Culture Collection, Rockville, MD, USA) were used throughout all experiments. Cells were maintained in RPMI-1640 medium (Invitrogen Co., Paisley, UK), supplemented with 10% heat-inactivated fetal bovine serum (FBS), antibiotics, 2-mercaptoethanol (50 μM) and L-glutamine (2 mM) (all from Invitrogen Co.), hereafter referred to as culture medium. Cells were cultured in 75 cm 2 tissue flask (Corning, NY, USA) at 37˚C in a fully humidified atmosphere of 5% CO 2 , and were routinely passaged every 3-4 days after short trypsinization with trypsin/EDTA (Invitrogen Co.) (15, 16) .
Reagents. Lovastatin (Merck, Sharp & Dohme Res. Lab., Rahway, NJ, USA) was obtained in the inactive lactone form that was converted to the active form as described (17) . Berberine chloride, farnesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP) were purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Cytostatic/cytotoxic assay. The cytostatic and/or cytotoxic effects of treatment of tumor cells were measured using crystal violet staining as described (18) . Briefly, tumor cells were dispensed into 96-well plates (Nunc) at a concentration of 5x10 3 cells per well/100 μl. The following day all reagents were added. Then, 48 h after incubation with reagents the cells were rinsed with PBS and stained with 0.5% crystal violet in 30% ethanol for 10 min at room temperature. Plates were washed 4 times with tap water and the cells were lysed with 1% SDS solution. Absorbance was measured at 595 nm using an enzyme-linked immunosorbent assay reader (SLT Labinstrument GmbH, Salzburg, Austria), equipped with a 595 nm filter. Cytotoxicity was expressed as relative viability of tumor cells (% of control cultures incubated with medium only) and was calculated as follows: relative viability = (A e -A b ) x 100/(A c -A b ), where A b is the background absorbance, A e is experimental absorbance, and A c is the absorbance of untreated controls.
Statistical analysis. Data were calculated using Microsoft™ Excel 98. Differences in in vitro cytotoxicity assays were analyzed for significance by Student's t-test. Significance was defined as a two-sided p<0.05.
Results
In the initial experiments we determined the concentrations of lovastatin and berberine required for the inhibition of MDA-MB231 cell proliferation in a standard crystal violet staining assay. These experiments revealed that MDA-MB231 cells are more resistant to cytostatic/cytotoxic effects of berberine for which the IC 50 was 25 μM at an incubation time of 48 h (Fig. 1A) . IC 50 for lovastatin was 1.0 μM (Fig. 1B) .
To investigate the role of the mevalonate pathway in the cytostatic/cytotoxic effects of berberine and lovastatin, the cultures of MDA-MB231 cells were supplemented with either mevalonic acid (at 200 μM concentration), farnesyl pyrophosphate or geranylgeranyl pyrophosphate (both used at 10 μM concentration). Again, a dose-dependent inhibition of tumor cell proliferation was observed. Lovastatin-mediated cytostatic/cytotoxic effects were almost completely reversed by all three mevalonate pathway metabolites. For example, lovastatin at 2 μM concentration decreased viability of MDA-MB231 cells to 22±3% as compared to controls, MA reversed the lovastatin-induced effect to 105±4%, FPP to 70±4%, and GGPP to 74±5% ( Fig. 2A-C) . At identical experimental conditions berberine-elicited effects were not revered by neither MA, FPP nor GGPP ( Fig. 2A-C) .
Discussion
Cholesterol-reducing agents are commonly used to prevent and to treat coronary heart disease and are among the most widely prescribed drugs in Western countries. Six statins (atorvastatin, fluvastatin, lovastatin, pravastatin, rosuvastatin and simvastatin) are currently available for clinical use. Their interference with many critical biologic processes makes their effects extremely pleiotropic and among their potential effects there is an antitumor activity. Cholesterol-reducing drugs are most commonly used in elderly patients who, because of their age, have an increased incidence of cancer. Therefore, their potential antitumor effects are particularly interesting. Statins have been found to induce cytostatic and cytotoxic effects against tumor cells in vitro (19) (20) (21) (22) (23) and to exert antitumor effects in experimental tumor models (24, 25) . Several studies revealed that long-term use of statins is associated with diminished cancer incidence (26, 27) .
Increasing evidence indicates that berberine, an ancient herbal medicine that decreases cholesterol concentration in humans, exerts potential anticancerogenic and antitumor effects. Berberine was shown to exert direct antiproliferative and pro-apoptotic effects towards tumor cells. Moreover, it can inhibit invasiveness of tumor cells, tumor-associated angiogenesis and shows promising anticachectic effects (28) . Despite numerous potential mechanisms it has still not been elucidated as to how berberine might influence the growth of tumor cells. The aim of this study was to verify whether berberine might exert its cytostatic/cytotoxic effects through the inhibition of the mevalonate pathway. The mevalonate pathway is the source of cellular cholesterol as well as a number of lipid metabolites used for post-translational modification of cellular proteins. Mevalonate-derived prenyl groups are attached to ~1% of cellular proteins and are required for their correct cellular localization and function. These proteins are either farnesylated or geranylgeranylated and include lamins, Ras and Rho proteins. Interference with the processing of Ras and Rho proteins might explain the observed cytostatic/cytotoxic effects of berberine against numerous tumor cells in vitro. Metabolites of the mevalonate pathway (MA, FPP and GGPP) effectively reversed cytostatic/ cytotoxic effects of lovastatin thereby confirming the mevalonate pathway-dependent anti-tumor effects of statins. However, neither MA, FPP nor GGPP influenced cytostatic/ cytotoxic effects of berberine.
Altogether our studies indicate that the cytostatic/cytotoxic effects of berberine do not result from inhibition of the mevalonate pathway. Further studies are required to elucidate the mechanisms that lead to antiproliferative and pro-apoptotic effects of berberine.
